The single-stranded form of a pE194-based plasmid transformed Bacillus subtilis protoplasts at least as efficiently as did the double-stranded plasmid, but the single-stranded form did not detectably transform B. subtilis competent cells.
DNA-mediated transformations of Bacillus subtilis naturally competent cells and lysozyme-generated protoplasts occur by quite different processes. Plasmid transformation of competent cells apparently requires multimeric plasmid forms (4, 18) because of the mechanism of DNA uptake (9, 14) . In contrast, circular and linear monomeric plasmids are active in transforming protoplasts (5, 18) . We report here an additional difference: protoplasts are readily transformed by single-stranded (ss) plasmid DNA, whereas competent cells are not.
pGX3804 and pGX3805 contain pBR322 (3) and pE194 (11) plasmid replicons which function in Escherichia coli and B. subtilis, respectively, as well as a 1-kilobase fragment containing the coliphage fl origin of replication (Fig. 1 ). The two plasmids differ in the orientation of the fl fragment. Upon phage IR1 (10) superinfection of E. coli GX1210 [F' traD36 proA+B+ lacIqlAlacZMJ5 A(lac-pro) supE thi zig: :TnJO hsdR2] (22) derivatives containing these plasmids, pGX3804 and pGX3805 enter the phage replication cycle and are packaged into virions as ss DNA (B. J. Schmidt, J. M. Strasser, and C. W. Saunders, submitted for publication). Because of the different orientations of the fl origin, the strands of pE194 and pBR322 sequences which are packaged differ between the two plasmids.
Protoplast transformation was performed as previously described (5) . For competent cell transformation, frozen competent B. subtilis BR151 cells were thawed at 37°C and diluted threefold in SpC medium (20) . Diluted cells (0.3 ml) were distributed to each transformation tube, which already contained 0.5 ,ug of plasmid DNA. Transformation was performed as previously described (19), selecting for resistance to 5 ,ug of erythromycin per ml and testing for growth on tryptose blood agar base plates containing 50 pg of erythromycin per ml.
The virion DNA produced by E. coli GX1210(pGX3804) and GX1210(pGX3805) transformed B. subtilis BR151 protoplasts to erythromycin resistance. There appeared to be a linear correlation between DNA concentration and number of transformants, with both ss and double-stranded (ds) donor pGX3805 ( Fig. 2 ), over the DNA concentration range tested.
To determine whether the virion DNA transforming activity was caused by ss or by ds DNA, we used hydroxylapatite column chromatography. As is characteristic of ss DNA (17) , the virion DNA eluted at a lower phosphate concentration than did the ds 4'X174 marker DNA (Fig. 3 ). The effects of restriction enzyme treatment provided additional evidence that the transforming activity of the virion DNA was caused by ss DNA rather than by a small amount of contaminating ds DNA. PvuII, EcoRI, and BglI did not cleave virion DNA, but each cut ds pGX3804 or pGX3805 twice ( Fig. 1) . In experiments containing a mixture of ds and virion DNA, these restriction enzymes cleaved only the ds DNA. We analyzed the plasmids obtained in transformants generated by restriction-enzyme-treated DNA ( Table 1 ). Of 12 transformants obtained from virion DNA treated with restriction enzymes, all contained plasmids whose restriction fragment profile was identical to that of the corresponding ds DNA. In contrast, 38 of 42 transformants obtained with restriction-enzyme-treated ds DNA contained deletion plasmids. Because the products of transformation by restriction enzyme-treated virion and ds DNA were so different, they provided further evidence that the transforming activity of the virion DNA was not caused by contaminating ds DNA.
An interesting feature of these experiments was the transforming activity associated with ds pGX3804 that had been treated with PvuII, an enzyme which generates blunt ends (12) . PvuII cleaved pGX3804 twice, generating 8-and 3kilobase fragments (Fig. 1 ). In each of four transformants generated by PvuII-treated ds pGX3804, we found only an 8-kilobase plasmid with a single PvuII site. Five double digests (data not shown) confirmed the presence of the unique PvuII site and demonstrated its location to be at the site predicted if the 8-kilobase PvuII fragment had circularized. In another transformation with PvuII-treated ds pGX3804, plasmids which also appeared to derive from circularization of the larger PvuII fragment were recovered. In addition, smaller deletion plasmids were observed in some transformants, but these were not further characterized.
In other experiments with EcoRI-, BglI-, or PvuI-cut ds donor DNA, essentially all of the transformants analyzed contained plasmids with a unique site for EcoRI, BglI, and PvuI, respectively. Again these plasmids appeared to be the product of circularization of the restriction fragment which carries the pE194-derived replicon and selective marker. The transformation of competent strain BR151 cells by ss plasmid was tested. In several attempts, virion DNA preparations of pGX3805 and pGX3804 generated <3 transformants of competent cells per ml, whereas the ds plasmids generated 5,000 transformants per ml. The transforming Effect of DNA concentration on strain BR151 (trpC2 metBiO lys-3-) (16) protoplast transformation. The indicated amount of ss pGX3805 (@) or ds pGX3805 (0) was added to tubes containing 1 ml of 40% polyethylene glycol 8000 and 0.5 ml of BR151 protoplasts. A fivefold mass excess of IR1 DNA was also present in the ss pGX3805 preparation. Transformation was carried out as previously described (5), with the transformants selected at 30°C on DM3 (5) plates containing 5 p.g of erythromycin per-ml. marker for elution of ds DNA. In another control experiment, ds pGX3804 eluted from a similar column at the same phosphate concentration as did the HaeIII digest of~X174 DNA. The DNA mixture was diluted in 1 mM sodium phosphate (pH 6.8) and loaded onto a 1-ml hydroxylapatite column. Fractions were collected after batch elution with various sodium phosphate concentrations. A 1/100 volume of the indicated fraction was used to transform BR151 protoplasts as previously described (5) , with selection at 37°C on DM3 plates containing 5 ,ug of erythromycin per ml. The singleshaft arrow indicates the fraction containing mostly ss pGX3805 and IR1 DNA, and the double-shaft arrow indicates the fraction containing mostly 4~X174 DNA, as determined by agarose gel electrophoresis.
activity of the ss plasmid was therefore at least 1,000-fold lower than that seen with the corresponding ds plasmid. The inclusion of 1 mM EDTA in the transformation tube, previously shown to be required for the transformation of competent B. subtilis by denatured chr.omosomal DNA (6, 7), did not allow competent cell transformation by the virion DNA. In a mixing experiment, virion DNA did not inhibit transformation by ds plasmid DNA.
The transforming activity in virion DNA preparations was caused by ss DNA and not by contaminating ds DNA. This was indicated by the coelutiod of the transforming activity with ss DNA from a hydroxylapatite column and the contrasting behavior of the transforming activity of virion DNA and ds DNA after restriction enzyme treatment. Further-*more, the specific activity of the virion DNA was at least as high as that of the corresponding ds plasmid, also suggesting that a hypothesized ds contaminant was unlikely to have been responsible for the transforming activity. These experiments do not eliminate the possibility of small ds regions in the virion DNA. However, in vitro e1ong tion with the Klenow fragment of DNA polymerase I.proceeded very poorly on these virion DNAs unless a synthetic oligonucleotide was added to prime DNA synthesis (data not shown), which suggested the absence of duplex regions. b Agarose gel electrophoresis of a variety of restriction enzyme digests of plasmid DNA from the indicated number of transformants was used to test for the presence of the ds form of the donor DNA. c The two BgtI sites of pGX3804 have an identical 3-base-pair overlap (13, 21) .
As a consequence of the method of preparing ss plasmid DNA, samples contained about a fivefold excess mass of ss IR1 DNA. With the concentrations used, there did not appear to be a competitive effect of the IR1 DNA, because the dose-response curve provided no indication of saturation (Fig. 2 ). In addition, there has been no evidence that polyethylene glycol-induced transformation of B. subtilis protoplasts can be saturated, even at concentrations severalfold higher than the highest concentration we have tested (5, 15) .
In apparent contrast to our results, Levi-Meyrueis et al. (15) reported that denatured chromosomal DNA is relatively inactive in transforming B. subtilis protoplasts under conditions where ds DNA is active. However, because annealing the denatured DNA enhanced its transforming activity only threefold, the denatured DNA may have been otherwise damaged in these experiments. Alternatively, ss DNA that enters protoplasts may efficiently generate a new replicon but inefficiently recombine with the host chromosome.
Our results increase the number of observed differences between competent-cell and protoplast transformation. Transformation of B. subtilis protoplasts is similar to transformation of E. coli spheroplasts (2) in that the DNA does not appear to be damaged upon entry (8) . In both cases, ss circular DNA was active in transformation. In contrast, competent B. subtilis cells possess an elaborate process for taking up DNA, and ss DNA is not generally effective at transforming such cells.
Competent pneumococcus and competent B. subtilis cells are transformed by a similar mechanism (14) . Barany and Boeke (1) reported that an ss fl/pBD9 chimera transformed plasmid-free, competent pneumococcus cells at 1% of the frequency of the ds plasmid. However, the authors did not comment on how the transforming activity was attributed to ss DNA rather than to ds DNA extracted from cells that contaminated the phage supernatant.
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